
The Electrochemical E�ects of Cycling and Discharge on 
Zinc Electrodes

Stack of electrodes 
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Operando Optical Microscopy and Raman Spectroscopy on ZnO 
Reveal Dynamic Behavior of Defect and Electronic Structure

Reversible Electrochemical Control of ZnO Electronic Properties 
and Defect Structure in Zn Alkaline Batteries

Commercial battery before cycling. Inset 
shows zoomed in view of zinc particle elec-
trodes between MnO2 cathodes in paper.

Zinc has undergone significant shape 
change. Discharge product has accu-
mulated throughout the battery.

In operando optical microscopy on a single discharge of one cell 

View of one 
cell of battery

View of cell before cycling. 
~50 micron zinc particles 
comprise zinc electrode.

View after discharge. 
Discharge product accu-
mulates on zinc.

Zinc                    Separator        MnO2 Zinc                  Separator          MnO2

Postmortem analysis of a commercial battery

100 cycles 
later...
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ZnO discharge product from Zn alkaline batteries 
changes its defect structure and electronic prop-
erties as a function of electrochemical potential.

In operando confocal Raman spectroscopy 
demonstrates ZnO is hydrogen doped and sug-
gests ion insertion as a function of electrochemi-
cal potential

Preliminary solid state magic angle spinning 
(MAS) nuclear magnetic resonance (NMR) spec-
troscopy results are shown on right. Quantitative 
hahn-echo (black lines) and a dipolar-mediated 
double-quantum-filter (BABA-XY-16, red lines) 
reveal proton species in the crystal structure of 
the ZnO. 

Future work will reveal if proton insertion accom-
panies coloration of the ZnO.
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Conclusions and Future Work
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Motivation: Zn-alkaline batteries are 
inexpensive, energy dense, aqueous (safe 
and cheap), and environmentally friendly.

90% unused
Zn mass

Challenges:
Limited cyclability and 
depth of  discharge, 
which increases cost 
of battery.

~10% total Zn 
mass accessed 
before death in 
300 cycles.

Accessed Zn Capacity in a 
Commercial Battery

Zn 
above H2 
potential

Near Zn equilibrium Far from Zn equilibrium

Taking Zn electrode potential away from equilibrium, for example during 
discharge of a battery, changes color of the ZnO discharge product.

Discharge Reaction:         Zn + 4 OH- -> Zn(OH)4
2- + 2 e-

Precipitation Reaction:    Zn(OH)4
2- -> ZnO + 2 OH- + H2O

+0.5 V+0.42 V+0.35 V+0.29 V+0.02 V

Glass

Glass
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Discharge Product

Zn 
metal

In operando optical microscopy

Electrochemical potential changes ZnO color from blue near Zn equi-
librium to white at more positive potentials.
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Precipitated ZnO

Blue ZnO

Commercial ZnO

Hahn-echo

BABA
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In operando confocal Raman 
spectroscopy reveals informa-
tion on ZnO discharge product: 
-Longitudinal optical (L.O.) 
mode (~580 cm-1) shift suggests 
ion insertion as a function of po-
tential.
-ZnO E2

high mode is present re-
gardless of potential. Shows po-
tential does not change ZnO 
base structure.
-D2O vs. H2O comparison shows 
that ZnO generated in D2O is 
di�erent to ZnO generated in 
H2O. Indicates ZnO is hydrogen 
doped.
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In operando Confocal Raman spectroscopy shows ZnO discharge prod-
uct is hydrogen doped and reversibly inserts ions as a function of electro-
chemical potential.
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